Native and recombinant Pg-AMP1 show different antibacterial activity spectrum but similar folding behavior  by Porto, William F. et al.
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a  b  s  t  r  a  c  t
Glycine-rich  proteins  (GRPs)  derived  from  plants  compose  a family  of  proteins  and  peptides  that  share
a  glycine  repeat  domain  and  they  can  perform  diverse  functions.  Two  structural  conformations  have
been  proposed  for GRPs:  glycine  loops  arranged  as a Velcro  and  an  anti-parallel  -sheet with  several
-strands.  The antimicrobial  peptide  Pg-AMP1  is the  only  plant  GRP  with  antibacterial  activity  reported
so  far  and its  structure  remains  unclear.  Recently,  its  recombinant  expression  was  reported,  where  the
recombinant  peptide  had  an  additional  methionine  residue  at the N-terminal  and  a  histidine  tag  at  the  C-
terminal  (His6-tag).  These  changes  seem  to change  the  peptide’s  activity,  generating  a  broader  spectrum
of  antibacterial  activity.  In this  report,  through  ab  initio molecular  modelling  and  molecular  dynamics,
it  was  observed  that both  native  and recombinant  peptide  structures  were  composed  of an  N-terminal
-helix  and  a dynamic  loop  that represents  two-thirds  of  the protein.  In contrast  to previous  reports,
it  was  observed  that  there  is a tendency  to  adopt  a globular  fold  instead  of  an  extended  one,  which
could be in  both,  glycine  loops or anti-parallel  -sheet  conformation.  The  recombinant  peptide  showed
a  slightly  higher  solvated  potential  energy  compared  to the  native  form,  which  could  be  related  to  the
His6-tag  exposition.  In fact, the  His6-tag could  be mainly  responsible  for  the  broader  spectrum  of  activity,
but  it does  not  seem  to cause  great  structural  changes.  However,  novel  studies  are  needed  for  a  better
characterization  of  its pharmacological  properties  so  that in the future  novel  drugs  may  be  produced
based  on this  peptide.
© 2014  Elsevier  Inc.  All  rights  reserved.. Introduction
The plant glycine-rich proteins (GRPs) compose a family of pro-
eins and peptides that share a glycine repeat domain [22]. This
omain provides high ﬂexibility for these molecules and for this
eason the GRPs seem to be good candidates for function conjuga-
ion with other proteins and multiple macromolecules [22].
Structurally, two conformations have been proposed for GRPs.
he ﬁrst is composed of glycine loops arranged as a Velcro,
hrough the packing of the interspersed non-glycine residues. In
his situation, the glycine loops would seem to be responsible
or protein-protein interactions, generating quaternary structures
22]. The second proposed conformation is an anti-parallel -
heet with several -strands, where the side chains of bulky
esidues would be projected on the same side, generating a
∗ Corresponding author. Tel.: +55 61 34487167/34487220; fax: +55 61 33474797.
E-mail address: ocfranco@gmail.com (O.L. Franco).
URL: http://www.capb.com.br (O.L. Franco).
ttp://dx.doi.org/10.1016/j.peptides.2014.02.010
196-9781/© 2014 Elsevier Inc. All rights reserved.large hydrophobic surface, available for interactions with other
hydrophobic molecules, such as the cell wall or membrane [22].
Since the late 80’s, a large number of GRPs have been described
with diverse functions that could be related to distinctive motifs
(e.g. RNA binding motifs, RNA recognition motifs, cold shock
domains and CCHC zinc-ﬁngers). The GRPs with low glycine con-
tent (about 20%) present the more diverse repertoire of distinctive
motifs, including amphipathic -helices, oleosin domains, and
histidine-rich, proline-rich and threonine rich domains [22].
In 2008, Pelegrini et al. [20] isolated an antibacterial GRP with
low glycine content from guava (Psidium guajava) seeds, the P.
guajava antimicrobial peptide 1 (Pg-AMP1). Pg-AMP1 was  mainly
active against Gram-negative bacteria, including Klebsiella pneu-
moniae and Escherichia coli (Table 1). Recently, Tavares et al. [26]
have reported the heterologous expression of Pg-AMP1, with two
modiﬁcations: the addition of a methionine residue and a histidine
tag (His6-tag) at the N- and C-terminals, respectively. Interestingly,
recombinant Pg-AMP1 showed different activities in relation to the
original peptide, being able to inhibit the development of Gram-
negative and Gram-positive bacteria (Table 1). The novel activities
W.F. Porto et al. / Peptide
Table  1
Antimicrobial activity of native and recombinant Pg-AMP1. MIC corresponds to
minimum inhibitory concentration.
Bacteria Gram stain MIC  (g mL−1)
Native Pg-AMP1 Recombinant
Pg-AMP1
Staphilococcus aureusa Positive NO 50
Staphilococcus epidermidesb Positive NT 100
Klebsiella pneumoniaec Negative 32 100
Pseudomonas aeruginosad Negative NT 100
Escherichia colie Negative 72 100
NO, not observed. NT, not tested.
a ATCC 3359-1 and 2921-3 for the recombinant peptide; not described for the
native one.
b ATCC 1122-8.
c ATCC 13883 for the native Pg-AMP1 and 13866 for the recombinant one.
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e ATCC 8739 for the native Pg-AMP1 and ATCC 11229 and 35218 for the recom-
inant one.
eem to be related to increase in positive net charge due to the
is6-tag addition. However, three-dimensional structural predic-
ions indicated that the His6-tag could not cause structural changes
n the Pg-AMP1. Native and recombinant Pg-AMP1 were predicted
o have an N-terminal -helix and a large random coil comprising
he ﬁnal two-thirds of the peptide. This prediction was in contrast
ith the ﬁrst report from Pelegrini et al. [20], which posited that
g-AMP1 has two terminal -helices connected by the glycine-rich
ortion.
In this study, a set of short molecular dynamics simulations
f the native and the recombinant Pg-AMP1 was  performed in a
ater environment. In this context, we veriﬁed which conforma-
ion (glycine loops or -sheet) is predominantly assumed for both
eptides after 100 ns of simulation and whether there are differ-
nces in the solvated potential energy of both peptides.
. Material and methods
.1. Molecular modelling
Molecular modelling was performed according to Tavares et al.
26]. The molecular models were generated by the ab initio molec-
lar modelling server QUARK [28] in order to create an initial
tructure. Then, 100 structures were generated by the Modeller’s
oop-reﬁnement sub routine [5] using the ab initio structure as
emplate. The region to be reﬁned was selected according to
he information given by the Protein DisOrder prediction System
PrDOS) [10]. The ﬁnal model was selected according to the dis-
rete optimized protein energy (DOPE) scores. This score assesses
he energy of the model and indicates the most probable struc-
ures. The ﬁnal model was evaluated through Verify 3D [13], ProSA
I [27] and PROCHECK [11]. PROCHECK checks the stereo chemi-
al quality of a protein structure, through the Ramachandran plot,
here reliable models are expected to have more than 90% of the
mino acid residues in the most favored and allowed regions, while
roSA II indicates the fold quality; in addition, Verify 3D analyses
he compatibility of an atomic model (3D) with its own amino acid
equence (1D). Structure visualization was done in PyMOL (The
yMOL Molecular Graphics System, Version 1.4.1, Schrödinger,
LC).
.2. Molecular dynamicsThe molecular dynamics simulations (MD) were carried out in a
ater environment, using the Single Point Charge water model [2].
he analyses were performed by using the GROMOS96 43A1 force
eld and the computational package GROMACS 4 [8]. The dynamicss 55 (2014) 92–97 93
used molecular models generated by Modeller as the initial struc-
tures. The initial structures were immersed in water molecules in
a cubic box. The minimum distance between the peptide and the
edge of the box was  set to 0.7 nm.  Chlorine ions were added in order
to neutralize the system charge. The geometry of water molecules
was constrained by using the SETTLE algorithm [17]. All atom bond
lengths were linked by using the LINCS algorithm [7]. Electrostatic
corrections were made by Particle Mesh Ewald algorithm [4], with
a cut-off radius of 1.4 nm in order to minimize the computational
time. The same cut-off radius was also used for van der Waals inter-
actions. The list of neighbors of each atom was  updated every 10
simulation steps of 2 fs. The system underwent an energy mini-
mization using 50,000 steps of the steepest descent algorithm. After
that, the system temperature was  normalized to 300 K for 100 ps,
using the velocity rescaling thermostat (NVT ensemble). Further-
more, the system pressure was normalized to 1 bar for 100 ps, using
the Parrinello–Rahman barostat (NPT ensemble). The systems with
minimized energy, balanced temperature and pressure were sim-
ulated for 100 ns by using the leap-frog algorithm. The trajectories
were evaluated through RMSD and Radius of Gyration. Each simu-
lation was  repeated three times.
2.3. Solvated potential energy calculation
The peptide structures were taken every 10 s of molecular
dynamics simulation and their solvated potential energy was cal-
culated through the Adaptive Poisson–Boltzmann Solver (APBS)
[1]. For visualization, surface potentials were set to ±5 kTe−1
(133.56 mV).
2.4. Statistical analysis
A one-sided Wilcoxon–Mann–Whitney non-parametric test
was applied for verifying whether the solvated potential energy
of recombinant Pg-AMP1 is higher than that of the native form,
with a critical value of 0.05, taking into account the structures at
100 ns of simulation. The statistical analyses were done through the
R package for statistical computing (http://www.r-project.org).
3. Results
3.1. Native Pg-AMP1
For molecular modelling, an ab initio technique was  used for
three-dimensional structure prediction. Initially, a preliminary
structure was constructed by QUARK and then reﬁned by Modeller,
generating 100 reﬁned models. The best model showed a DOPE
score of −2723.638672. On Verify 3D, the best model showed a
minimum and a maximum 1D–3D average score of 0.22 and 0.88,
respectively. In the Ramachandran plot, the ﬁnal model showed
that 72.2% of the residues are in favored regions, 19.4% are in
additional allowed regions and 5.6% are in generously allowed
regions. The model has a G-Factor of −0.75 and the Z-Score on
ProSA was −2.81, indicating a valid molecular model. The model
was composed of an -helix (residues Pro4 to Arg16) and a large
coil which comprises two-thirds of the structure (Fig. 1A). This coil
was predicted to be in disorder by PrDOS, as previously described
by Tavares et al. [26].
Because of the dynamic character of native Pg-AMP1 structure,
in the molecular dynamics simulations, the root mean square devi-
ation (RMSD) values comparing the initial and the ﬁnal structures
were above 5 A˚ (Fig. 1B), indicating a clear structural modiﬁcation
(Fig. 1A). In fact, the structure underwent compression due to the
folding process of the random coil, which was  clearly indicated by
the radius of gyration of 1.079 ± 0.086 nm (Fig. 2A), and was mainly
responsible for the structural modiﬁcation in the three simulations.
94 W.F. Porto et al. / Peptides 55 (2014) 92–97
Fig. 1. Molecular dynamics simulations of native and recombinant Pg-AMP1. (A) Native Pg-AMP1 structures: initial structure (top) and ﬁnal structures at 100 ns in three
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mimulations (S1, S2 and S3). (B) RMSD evolution during the simulations for native (to
ines).  (C) Recombinant Pg-AMP1 structures: initial structure (top) and ﬁnal structu
olor  in this ﬁgure legend, the reader is referred to the web  version of the article.)
The three simulations of native Pg-AMP1 did not converge to
 consensus structure (Fig. 1A). In fact, the only structural ele-
ent conserved among the three simulations was the N-terminal
-helix. However, the -helix extension varied from one simula-
ion to another, varying from six (Met8 to Gln13), to eleven (Ser6
o Arg16) or fourteen residues (Pro4 to Tyr17). The remaining struc-
ure was variable: in the ﬁrst simulation, it assumed an anti-parallel
-sheet; while in the other two, it assumed a random structure
Fig. 1). In addition, the electrostatic surface indicated that the
ative Pg-AMP1 is an amphipathic molecule with large cationic
atches (Fig. 3), but the solvated potential energy decreases as the
eptide folds, starting from 1814.2 kJ/mol from the initial structure
o, on average, 1627.6 ± 190 kJ/mol from the structure at 100 ns
f simulation (Fig. 2). Therefore, the native Pg-AMP1 structure is
omposed of an N-terminal -helix and a random segment, and its
olvated potential energy decreases as the peptide folds.
.2. Recombinant Pg-AMP1
The same modeling procedure was applied to recombi-
ant Pg-AMP1, generating a ﬁnal model with a DOPE score of
3429.208008. The recombinant Pg-AMP1 model showed a min-
mum and a maximum 1D–3D average score of 0.2 and 0.74,
espectively, on Verify 3D. In the Ramachandran plot, the ﬁnal
odel showed that 65.1% of the residues are in favored regions,d recombinant forms (bottom): simulation 1 (black lines), 2 (red lines) and 3 (green
 100 ns in three simulations (S1, S2 and S3). (For interpretation of the references to
25.6% are in additional allowed regions and 9.3% are in gener-
ously allowed regions. The model has a G-Factor of −0.78 and the
Z-Score on ProSA was  −2.67, indicating a valid molecular model
with similar quality to the native Pg-AMP1 model. As observed
for the native peptide, the recombinant Pg-AMP1 model was  com-
posed of an -helix (residues Pro4 to Tyr18) and a large coil, also
comprising two-thirds of the structure (Fig. 1C). This coil was also
predicted to be in disorder by PrDOS, as previously described by
Tavares et al. [26].
The recombinant Pg-AMP1 structure showed similar behavior
to the native peptide, presenting a very dynamic structure, with
RMSD values above 7 A˚ when comparing the initial and ﬁnal struc-
tures from molecular dynamics (Fig. 1B). As observed for the native
Pg-AMP1, the recombinant peptide did not converge to a consensus
structure during the three simulations. However, the N-terminal -
helix was  maintained in the three simulations (Fig. 1C), as well as
the His6-tag exposure (Fig. 4). In two  simulations, a short -hairpin
could be observed. In addition, the recombinant peptide also under-
went a structure compression during the simulation (Fig. 2), with a
ﬁnal radius of gyration of 1.076 ± 0.057 nm.  Moreover, the solvated
potential energy also decreases as the peptide folds, moving from
1985.1 kJ/mol from the initial structure to 1728.7 ± 123 kJ/mol, on
average, from the structure at 100 ns of simulation (Fig. 3).
Despite this similar behavior, the major difference between
the native and the recombinant Pg-AMP1 was  in electrostatic
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gig. 2. The radius of gyration evolution during the simulations for native (left) and
For  interpretation of the references to color in this ﬁgure legend, the reader is refe
otential. Even with a similar amphipathic electrostatic surface,
ith large cationic patches (Fig. 2), the solvated potential energy
s somewhat higher than the native one (Fig. 2), but no statistical
ifference was observed, with a P-value of 0.5 in the one-sided
ilcoxon–Mann–Whitney non-parametric test.
. Discussion
To date, over 200 antimicrobial peptides (AMPs) have been
eported from plants [3]. These compounds have been recog-
ized as playing a pivotal role in plant defense. Therefore, these
ompounds have seen their structure–activity relationship widely
nvestigated [3,19].
The majority of plant AMPs are cysteine-rich [3,19,24], with few
xamples of plant disulﬁde-free AMPs [14,15,20,23,26]. Among the
isulﬁde-free AMPs, Pg-AMP1 is the only plant GRP reported to be
ctive against bacteria so far, although GRPs from animals may  also
e active against bacteria [9,12].
Recently, the heterologous expression of Pg-AMP1 was
eported, with two modiﬁcations in the original sequence, the addi-
ion of a methionine residue at the N-terminal and a His6-tag at
he C-terminal. These sequence modiﬁcations led to an interesting
hange in the antibacterial activity spectrum: while recombinant
g-AMP1 became active against Gram-positive bacteria, its potency
gainst Gram-negative bacteria was reduced in comparison to the
ative peptide [26].
In order to investigate what kind of structural variations the
odiﬁcations for heterologous expression could lead to and also
o verify what kind of conformations these peptides can adopt, ab
nitio molecular modelling followed by molecular dynamics was
pplied, which are the same methods previously applied to study-
ng other plant AMPs structures [16,21].
Molecular modelling indicated that the both forms of Pg-AMP1
dopt a structure composed of an N-terminal -helix followed by
he unstructured portion, which includes the glycine-rich portion,
n an extended conformation, as described by Tavares et al. [26].
hese structures are in agreement with other GRPs with similar
lycine content, which have -helixes in their structures [6,18].mbinant forms (right): simulation 1 (black lines), 2 (red lines) and 3 (green lines).
 the web  version of the article.)
Although the initial structures adopt an extended conformation,
during the simulations the structures underwent compression as
indicated by the average radius of gyration of 1.079 ± 0.086 nm and
1.076 ± 0.057 nm for native and recombinant forms, respectively
(Fig. 2). This compression is also related to the high RMSD values
observed, clearly indicating a fold change during the simulations
(Fig. 1).
Since two-thirds of the Pg-AMP1 structure has no deﬁned struc-
ture, this dynamic behavior was expected, with the N-terminal
-helix as the only conserved structural element, which is in dis-
agreement with the ﬁrst structure prediction of Pg-AMP1, a dimer
structure with two  -helixes [19]. However, due to the random
character of Pg-AMP1, the ﬁrst proposed structure could also occur.
Here, the monomer structures were used instead of the dimer, since
the dimer form occurs in small quantities [20,26].
Overall, it has been proposed that GRPs should adopt a -sheet
structure or a structure composed of glycine loops. What could be
observed in the simulations was the possibility of forming both
structures in independent runs (Fig. 1). However, glycine loops are
predominant in the native Pg-AMP1 structure, while in the recom-
binant peptide there is a predominance of a hybrid structure with a
short -hairpin followed by glycine loops (Fig. 1). Perhaps, in water
environment the two  structures coexist for both forms of Pg-AMP1.
There are two major differences between the spectrum of
antimicrobial activity of native and recombinant Pg-AMP1, (i) the
MIC  against Gram-negative bacteria is higher for the native pep-
tide and (ii) the native peptide is unable to inhibit the growth of
Gram-positive bacteria (Table 1). The reduction in activity against
Gram-negative bacteria seems to be related a technical reason,
since the recombinant peptide was dissolved in saline solution
[26], while the native one was  dissolved in Milli-Q water [20]
and it is known that higher salt concentrations could decrease the
antimicrobial activity [25]. The second difference could be related
to the modiﬁcations for heterologous expression. Although the
mechanism of action of Pg-AMP1 is still unclear; it seems to be
changed by these modiﬁcations, since the recombinant peptide has
a broad-spectrum of antimicrobial activity when compared to the
native one. The N-terminal methionine is capable of increase the
96 W.F. Porto et al. / Peptides 55 (2014) 92–97
Fig. 3. Electrostatic surface and solvated potential energy of native and recombinant Pg-AMP1. The native form is represented by left surfaces, while the recombinant one
by  right surfaces, with the initial surface at the top. The cationic patches are highlighted. The radar graph at the center represents the evolution of average solvated potential
energy  during the simulations: blue for the native peptide and orange for the recombinant one.
Fig. 4. Exposition of His6-tag on the surface of recombinant Pg-AMP1 ﬁnal structures after 100 ns of simulation. The His6-tag is displayed in dark gray.
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nition of errors in three-dimensional structures of proteins. Nucl Acids Res
2007;35:W407–10.W.F. Porto et al. / P
eptide hydrophobicity. Nevertheless, the cationic properties of
is6-tag hinder such amino acid residue, suppressing the methi-
nine hydrophobicity. Therefore the N-terminal methionine acts
nly as the start codon for heterologous expression. Tavares et al.
26] suggested that His6-tag increased Pg-AMP1 afﬁnity to bacterial
embrane since the His6-tag increased the net charge by +6, lead-
ng to a more cationic peptide. However, depending on the peptide
old, this assumption may  not be true. In an extended conforma-
ion all charges could be exposed, while in a compact fold, some
harged residues could be buried.
To verify this issue, the solvated potential energy was calcu-
ated at every 10 ns of simulation, and this potential decreased
ith the peptide folds in both cases, indicating that some charged
roups could be buried for both peptide forms (Fig. 3). Despite
his solvated potential energy reduction, the structures are still
mphipathic with a large cationic patch. Overall, recombinant Pg-
MP1 has a higher solvated potential energy than the native one,
howing 1728.7 ± 123 and 1627.6 ± 190 kJ/mol, respectively, at the
nd of simulations (Fig. 3). Although there is no statistical differ-
nce between these energies (P-value of 0.5), this difference should
e biologically signiﬁcant, since the recombinant peptide is more
ttracted to the bacteria, which could result in a broader spectrum
f antibacterial activity.
. Conclusion
Both forms of Pg-AMP1 have a very dynamic structure. The
olecular dynamics simulations showed this character once more.
owever, the simulations indicated that the peptide does not adopt
n extended fold in either form, as previously posited based only
n ab initio molecular modelling [26]. It could be observed that
here is a structure compression during the simulations, leading to
 more globular fold, and the structure could adopt both glycine
oops and -sheet conformations. In fact, the His6-tag could be
ainly responsible for the broader spectrum of activity; however,
t does not seem to cause great structural changes. The His6-tag
ed to a potential increase in solvated energy in the recombinant
orm, since it became exposed during the simulations. Indeed, the
g-AMP1 is the only plant GRP reported to be active against bac-
eria so far and it role in guava biology is still unclear, despite its
ntimicrobial function. In addition, new studies are needed for a
etter characterization of its structural and pharmacological prop-
rties, such as circular dichroism or nuclear magnetic resonance. In
his context novel and potent drugs may  be designed and produced
ased on this peptide scaffold in a near future.
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